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Abstract 
 
Mechanical properties of a CuAl10Fe4Ni4 bronze subjected to solution heat treatment and toughening were examined. In solution heat 
treatment, a microjet was used to raise the cooling rate. A slight increase of mechanical  properties was observed. 
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1. Introduction 
Aluminium bronzes are excellent alloys, 
characterised by high mechanical properties, satisfactory 
resistance to corrosion and erosion, good machinability and 
decorative effects. Heat treatment of these alloys involving 
solution heat treatment only (seldom used) and toughening 
(solution heat treatment combined with aging) can 
significantly improve these properties. Solution heat 
treatment usually involves cooling in water, oil, or air at 
appropriately decreasing cooling rates. Sometimes, the 
purpose of the heat treatment is to maintain the high-
temperature β structure (hence the name of the treatment 
“betatisation”), or – at least – to eliminate or significantly 
reduce the disintegration of β phase into a brittle and hardly 
machinable γ2 phase.  Maintaining the presence of β phase 
in a range down to ambient temperature is not realistic, 
since it would require the cooling rate during solution heat 
treatment exceeding 2000 °C/s [1]. 
On the other hand, controlling the transformations   
of  β phase and its eutectoid β→  α + γ2 as well as   
a peritectoid decomposition α + γ2 →  α2 + (α2 + γ2)  
is quite realistic. 
In alloys of relatively high aluminium content,   
i.e. 15.6% Al, avoiding the presence of  γ2 phase is rather 
difficult and the decomposition of  β  →  α + γ2 results   
in the formation of a eutectoid phase.   
In alloys containing over 10.40% Al, the undercooled 
β phase undergoes a transformation of the disorder ↔ 
order type.  
The ordered β phase forms a DO3 superstructure   
(β1 phase), which crystallises in a cubic system of the 
Fe3Al type lattice. At a temperature of 300°C, the β1 phase 
has the value of  a = 0.58518 nm. 
The transformations of the β phase can be written in 
the following way: 
 
β(Cu3Al; A2) → β2 (CuAl;  B2) → β1 (Cu3Al; DO3) 
 
Figure 1 shows martensitic transformations taking 
place in a Cu-Al system at different aluminium contents. 
In an attempt to produce the required industrial 
alloys, one of the variants admits the formation of a 
martensitic or bainitic structure, depending on the presence 
of the (transformed) β phase. 
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Fig. 1. Phase equilibrium diagram of  Cu-Al alloys 
 
In an attempt to produce the required industrial 
alloys, one of the variants admits the formation of a 
martensitic or bainitic structure, depending on the presence 
of the (transformed) β phase. 
Melting was carried out in a 50 kg capacity crucible 
induction furnace preheated to 200°C, applying the 
technology of casting with double deoxidation  (Patent   
P-380694), pouring next metal at a temperature of 1250°C 
into sand moulds bonded with modified sodium silicate 
binder.  
 
2. Microjet cooling  
 
TThe main element in the design of a stand for 
microjet heat treatment is a microjet module that provides 
faster heat exchange compared to water cooling,   
or improvised cooling with water mist. Figure 2 shows   
a view of the microjet module. Figure 3 shows model of an 
impact zone where microjet hits the surface of the plate. T  
 
 
Fig. 2.T View of the microjet moduleT 
 
Fig. 3. TModel of an impact zone where microjet hits  
the surface of the plate 
 
TThe microjet consists of a large number of micro-
tuyères (about 1100), with a 100 μm diameter, through 
which the cooling liquid medium is flowing at a high 
speed. This effect is accompanied by intensive heat 
exchange in the area of contact with the sample surface.  
TIn the present investigations, pure water was used as 
a medium, although there are possibilities to improve its 
cooling capacity with special additives. A special microjet 
stand was designed (Fig. 4).  
 
 
Fig. 4.T View of the microjet module (stand)T 
1 – microjet module after modifications,  
2 – high-tezzmperature furnace,  
3 – high-speed temperature transducer, 
4 – computer recording system 
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T
Figure 5 shows cooling curves of samples at different 
stages of the heat treatment with clear division into samples 
subjected to solution heat treatment and toughening with 
application of the low-temperature (350°C) and high-
temperature (700
P°
P
C) aging. It is worth noting that the S1 
low-temperature aging is the type of treatment commonly 
used, while  its S2 high-temperature counterpart is a 
novelty.
T
  
 
Fig. 6. View of tested sampleT 
 
The basic temperature measuring unit is a 
thermocouple placed in the interior of the sample (an 
internal thermocouple); its readings give averaged 
temperature values. The reliability of the measurements 
taken on the outside part of sample (Fig. 7) is poor due to 
the high variability of the sample temperature field during 
solidification and cooling. 
a)
 
 
 
  b)
 
 
 
Fig.7. Schematic drawing of thermocouple mounting  
in samples 
 
 
Table 2 presents the results of investigations with 
description of the obtained values and their corresponding 
mean.  
 
Fig. 5. Microjet solution heat treatment curve 
a) with inner thermocouple 
b) with outer thermocouple   
  In terms of the mechanical properties, optimum 
results were obtained in the case of toughening combined 
with S1 low-temperature aging, at relatively low values of 
plastic properties (A
B
5
B
 = 1.5, Z = 2.0). On the other hand, 
far better plastic properties were obtained in an alloy 
subjected to high-temperature aging; the mechanical 
properties were slightly reduced but still kept within the 
permissible range of values.  
Table 1 shows the evaluated chemical composition of 
samples, and Figure 6 shows the sample used in studies of 
the microjet heat treatment. 
 
Table 1. Chemical composition of the examined samplesT 
 
Figures 8 to 12 show the obtained mean values of the 
properties examined in different approach. 
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Fig. 8. Changes in mean values of tensile strength RBm 
 
 
 
 
 
 
 
T 
 
Fig. 9. Changes in mean values of yield strength Rp0.2 
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Fig. 10. Changes in mean values of elongation A5 
 
Fig. 11. Changes in mean values of percentage reduction  
of area Z 
 
Fig. 12. Changes in mean values of Brinell hardness HB 
depending on sample condition;  
L – sand cast;  
L + P – as-cast + solution heat treated (950 P
o
PC, 2h);  
L + P + S1 - as-cast + solution heat treated (950 P
o
PC, 2h) + aged 
(350P
o
PC, 6h); 
L + P + S2 - as-cast + solution heat treated  (950 P
o
PC, 2h)  + aged 
(700P
o
PC, 6h);  
The run of both aging curves (S1,S2) is the same, 
except for the temperature level (Fig. 13,14). Some 
essential differences result from the cooling curves, the rate 
of temperature changes – in particular. 
 
 
 
Fig. 13. Sample aging process after microjet solution heat 
treatment  (700°C) 
 
 
Fig. 14. Sample aging process after microjet solution heat 
treatment  (350°C) 
 
Table 3: Mechanical properties of CuAl10Fe4Ni4 alloy after 
solution heat treatment in water [2] 
 
 
The obtained results are worth comparing with the 
properties of a CuAl10Fe4Ni4 alloy in both as-cast state 
and after solution heat treatment in water (Table 3).  
Additionally, in as-cast state the following mean values 
(calculated from 3 measurements) were obtained for the 
solution heat treatment in water: Rm = 743 MPa,   
Rp0,2 = 299 MPa, A5 = 10,2%  and  Z = 10,4%, while for 
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676/282/4.9/5.2, which means a deterioration of   
the mechanical properties.  
On the other hand, in quenched and tempered 
condition, after microjet solution heat treatment and aging 
at 700P
o
PC, the water cooling-to-microjet cooling relations 
were as follows: Rm = 799/719, Rp0,2 = 331/367,   
A5 = 9.2/11.7 and Z = 10/12.8, which means an increase in 
mechanical properties after the solution heat treatment and 
a g i n g .   A t  3 5 0 P
o
PC, the relations between the mechanical 
properties after solution heat treatment in water vs microjet 
treatment were as follows: Rm = 776/849, Rp0,2 = 349/420, 
A5 = 19.1/1.5 and Z = 19.0/2.0. This means a considerable 
increase of mechanical properties at the cost of the 
decreasing plastic properties, particularly well visible 
during low-temperature aging in conversion from water 
cooling to microjet cooling. 
The conducted studies are of a preliminary character 
and as such require more measurements to be taken, 
especially for low-temperature aging. 
Microjet cooling needs further tests, also with the use 
of other cooling media. 
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